Enhancement of the optical band gap of ZnO from 3.14 to 3.29 
Introduction
Recent studies show that II-VI based semiconductors are excellent materials for electronics, photonics and spintro− nics applications. Specifically, zinc oxide which has large direct band gap (3.37 eV) and exciton binding (60 meV) energies is inexpensive and environmentally safe, and has been identified as a promising host material [1] [2] [3] . Possible applications of ZnO films is in photonic devices such as UV light emitting diodes, UV lasers and blue luminescent devices, photodetectors, transparent conducting electrodes, surface acoustic wave devices, as well as in gas sensors. Doping of valency two metals viz. Mg [2, 4] , Ca [3] , Sr [5] ; and Cd [6, 7] has been reported which affects the optical band gap of zinc oxide in exactly opposite ways as Cd decreases the band gap. Combined, this provides a consider− able range of band gap tuning, thereby opening a gateway for tuneable light sources. Ca and Sr doped ZnO has also been reported as Love wave sensor [8] . Aluminium and Indium, valency three metals, have also been doped which respectively enhances [1, 9] and decreases [10] the band gap of ZnO, as well as enhance its electrical conductivity by nearly two orders thus rendering ZnO a good candidate for transparent electronics. Rare−earths like Ce, Nd, etc. have also been doped which affects the band gap [11, 12] . ZnO has also been doped with anions to obtain a p−type ZnO and realize homojunction LEDs although efforts in this direc− tion are still on. All these prove that zinc oxide is a versatile host. ZnO is also considered as a host material for diluted magnetic semiconductor obtained by doping transition met− als. Cobalt and manganese have been comparatively exten− sively studied. Dopants from group II, III, rare earth and transition metals are found to change the properties of ZnO films drastically. Fe doped ZnO films are a subject of con− tinuous study as their magnetic, as well as optical properties may take a U−turn depending heavily on the method of fab− rication. For example, as reported in Ref. 13 Polyakov et al. [14] found room temperature ferromagnetism by implanting Fe ions in ZnO crystal grown by vapour phase while Janisch et al. [15] reported that Fe−doped ZnO showed a paramag− netic behaviour. Also optical band gap of Fe doped ZnO has been found to decrease by some authors [13, [16] [17] [18] [19] , whereas it is reported to increase by others [20, 21] .
There are several methods for producing ZnO based films, e.g., chemical vapour deposition, thermal evaporation , spray pyrolysis, successive ionic layer absorption and reac− tion, magnetron sputtering, pulsed laser deposition, laser chemical vapour deposition, sol−gel, screen printing, etc. [1] [2] [3] 13, 17, 20, 22] . Out of these methods sol−gel is simpler besides producing good quality films. In this paper optical band gap variation and photoluminescence properties along with structural, compositional and morphological analyses of Zn 1-x Fe x O (x = 0 to 0.03) thin films prepared by sol−gel spin coating has been presented.
Experimental
The precursor for obtaining ZnO films is prepared by using 0.1 M solution of zinc acetate dihydrate in ethanol and diethanolamine. The mixture is magnetically stirred at 60°C for 30 minutes to get a homogeneous solution. To this solu− tion, appropriate volumes of 0.1 M solution of ferric nitrate [Fe(NO 3 ) 3 × 9H 2 O] in isopropanol is added to obtain 1, 2 and 3 at.% doping of Fe. These solutions are again stirred for 30 min. Both the undoped and doped solutions are aged for 5 days to achieve sol stability. The precursor solutions thus obtained are spin coated on properly cleaned glass slides. Spinning speed is kept at 3000 rpm while the spinning time is 30 s. After each coating, the sample is heated to 400°C for 1 h and then cooled back to room temperature. Spin coating and heating is repeated 15 times for obtaining appreciable thickness. Finally all the films are annealed at 400°C for 4 hrs. Thus there are four samples ZnO, ZnO: 1 at. % Fe, ZnO: 2 at. % Fe, and ZnO: 3 at. % Fe which are named as samples Z, ZF1, ZF2 and ZF3, respectively.
The crystal phase and crystallinity of the samples has been investigated using X−Ray diffractometer (ModelPANalytical X'Pert PRO MRD X−ray diffractometer) for 2q values ranging from 25 to 75°using CuKa radiation (l = 1.540598 ). FTIR and transmittance spectra have been recorded using spectrometer (Model− AlphaT, Bruker) and UV−Vis spectrophotometer (Model− V670, Jasco), respectively. The PL spectra have been obtained using fluorescence spectrometer (Model LS−55, Perkin Elmer). The excitation wavelength is 325 nm coming from a 20 kW Xe discharge lamp. The surface morphology is obtained using FESEM (Model− ZEISS) and with the same equipment energy dispersive analysis (EDX) has also been done to ascertain the presence of iron dopant. All these measurements have been done at room tempe− rature.
Result and discussions

Structure
XRD patterns (Fig. 1 ) of undoped and Fe− doped ZnO thin films deposited on duly cleaned glass substrates indicate polycrystalline nature of all the film samples. No peak relat− ing to iron is found. This implies that doping of Fe up to 3 at. % does not change the crystal structure. All the ZnO based films have a hexagonal wurtzite structure with major diffraction peaks along (100), (002) and (101) planes. Small peaks along (110), (103), (102) and (112) are also seen [22] . For undoped sample preferred orientation is along (101) but as the dopant is introduced orientation along (101) decre− ases monotonically whereas it increases for (002) and (100) becoming maximum for 2at.% doping. However, further Fe doping reduces the orientation parameter both along (002) and (100) plane. The peak along c−axis, i.e., (002) plane occurs at 2q = 34.575°, 34.525°, 34.525°and 34.575°for x = 0, 0.01, 0.02 and 0.03, respectively.
The particle size in the sample is estimated from the Debye−Scherer (DS) formula
where t DS is the particle diameter, k is the Scherer constant and is taken equal to one, l is the wavelength of the X−rays and b is the full width at half maximum (FWHM) of X−ray diffraction peaks in radians. Particle size along (100), (002) and (101) crystallographic plane as calculated by DS formula for all the samples is shown in Table 1 and in gen− eral it decreases with increasing Fe concentration in the ZnO films. In order to distinguish the crystallite size−indu− ced broadening and strain−induced broadening of diffrac− tion peaks the Williamson and Hall (WH) plot has been performed and is shown in Fig. 2 . The trend line equations are found to be y = -0.029x + 0.018, y = -0.296x + 0.107, y = -0.690x + 0.234 and y = 0.132x -0.017 for samples Z, ZF1, ZF2 and ZF3, respectively. The strain and particle size are calculated by comparing the trend line equation with
where t WH is the particle size, e is the strain and C is the cor− rection factor which is taken equal to 1. The strain and parti− cle size determined from the above relation is shown in Table 1 . The tensile and compressive strains are indicated by positive and negative signs, respectively. The particle sizes obtained by DS formula and that by WH plot are quite different indicating that the broadening of FWHM may be due to strain existing in the films and not due to the particle size. The orientation parameter g (hkl) = I (hkl) /S[I (hkl) ] are given in Table 2 . These values of orientation parameters vary from 0.0555 to 0.2927 indicating random orientation. The calcu− lated value of dislocation density which represents the amount of defects in the film randomly varies from 41.79 × 10 14 to 1051.51 × 10 14 lines/m 2 for the undoped and doped samples (Table 3 ). The lattice constants a and c of wurtzite structure of ZnO given in Table 3 along with Bragg's law. The lattice constant a of sample Z, i.e., ZnO thin film is larger than those of doped samples ZF2 and ZF3. The lattice constant c of ZnO thin film is smaller than doped samples ZF1 and ZF2 and is the same for sample ZF3. Bond length is also determined for all the samples which varies between 1.967 to 1.970 . When Fe ion enters the ZnO lattice a distortion occurs which manifests itself as strain. It is seen that with an increase in Fe concentration the (002) peak initially shifts to lower angles as compared to that for undoped ZnO and, then again to higher angle being equal to that for undoped ZnO.
The reason for such results may be assigned to the valence state of Fe ion. A decrease in diffraction angle with increas− ing Fe concentration is reported by Chen et al. [17] and Wang et al. [13] where Fe ion exist as Fe 2+ . Increase in the diffraction angles is reported by Xu et al. [20] where Fe ions exist as Fe 3+. In the present paper dopant is introduced through ferric nitrate and therefore initially Fe ion would be in Fe 3+ . It is well known that Fe 3+ ion reduces to Fe 2+ in the presence of zinc powder [23] . Here the host being zinc oxide, conversion of Fe 3+ to Fe 2+ is very likely. In the light of the (002) peak positions here and the results of references [13, 17, 20] it appears that Fe 2+ and Fe 3+ coexist in the sam− ple films presented in this paper. Coexistence of both ions is reported by Rambu et al. [18] where the films were prepared by spin coating and by other workers also [16] .
Fe 2+ and Fe 3+ either of the ions with ionic radius 78 and 68 pm, respectively is large enough to create strain if it lodges itself in the interstitials which may enhance the c−lat− tice constant as is happening up to 2 at.% dopant concentra− tion (Table 3) . A large charge imbalance occurring due to presence of Fe 3+ ions will enforce occurrence of Zn vacan− cies to maintain overall charge neutrality. When the dopant concentration is increased further, Fe ions substitutes at the Zn 2+ sites and since the radius of Fe 3+ (68 pm) is smaller than Zn 2+ (74pm), the lattice shrinks thereby resulting in reduction in the lattice constants as can be seen (Table 3) in the present case.
FTIR
The FTIR spectra of undoped and doped samples are shown in Fig. 3 . The peak at 545cm -1 is attributed to Zn−O stretch− ing vibrations. This peak shifts to 538, 533 and 547 cm -1 as dopant increases to 1, 2, and 3 at.% Fe, respectively. This shift is related to the change in Zn−O bond length. The bond length lying between 1.967 and 1.970 does not vary mo− notonously with the increasing dopant concentration. The absence of monotony can be attributed to the strain existing in the film. Such variation in the bond length has been also reported by earlier workers [24] .
Position of various peaks corresponding to different vibrations [25] [26] [27] [28] vary with change in dopant concentra− tion and are summarized in Table 4 . 
Transmission and optical band gap
The transmission spectra of the Zn 1-x Fe x O films deposited on glass slides obtained in the wavelength region 300 to 900 nm is shown in Fig. 4 . As Fe dopant is introduced in the ZnO film the transmittance T rises to nearly 96% from 78%. Maximum transmittance in the visible region occurs for 2at% doping and width of the transmission window (T ³ 80%) is also the largest for this sample. The cut−off occurs at shorter wavelengths as the dopant concentration increases indicating an increase in the optical band gap E g which is also determined quantitatively later in this section.
Since the E g which is higher than the energy in visible region, the sample is being more and more transparent for visible region of the spectrum, being maximum for the 2at.% doped sample. With further doping, conduction to higher conduction inter band and intra conduction band optical absorption processes [29] may start playing a role thereby reducing the transmission for 3 at.% doping.
The absorption coefficient a is calculated from Beer's law I = I 0 e -at , where I is the transmitted intensity, I 0 is the incident intensity, and t is the thickness of the film. It has been determined using stylus profilometer and is 490, 510, 500 and 540 nm for undoped, 1, 2 and 3 at. % Fe doped ZnO films, respectively. The absorption coefficient for direct band gap materials relates with optical band gap energy in accordance with the expression a = (hv -E g ) 1/2 , where h is the Planck's constant and v is the frequency of incident pho− ton. Intercept on the energy axis obtained by extrapolating the linear portion of the Tauc's plot, i.e., (ahv) 2 vs. hv plot, as shown in carrier concentration had been found to increase viz. Fe 3+ doped ZnO by Xu et al. [20] , Al doped ZnO by Shukla et al. [1] and Das et al. [9] . For Mg doped ZnO band gap enhance− ment is well known but reason is hardly reported. For Fe doped ZnO where iron exists in +2 state, at least five papers [13, [16] [17] [18] [19] have reported decrease in band gap. Nd (a lan− thanide) doped ZnO leads to a band gap narrowing although the dopant is in +3 state. Douyar et al. [12] has reported that according to Zheng et al. [32] Nd 4f electrons introduce new states close to the conduction band of ZnO. A newer LUMO is therefore formed which leads to a reduction of the band gap [12] . Mn and Co (again transition metals) dopant increase the band gap of ZnO, in spite of cobalt being in +2 state. Bylsma et al. [33] have dealt with exchange interaction related modi− fication of band gap in absence of applied magnetic field. A shifting of band edge energy due to exchange interaction of electrons in conduction band and valence band with the d electrons of Mn (dopant) was invoked to explain the variation in the band gap with dopant concentration. Diouri et al. [34] and Bylsma et al. [33] have shown that for an alloy in its paramagnetic phase, as a result of second order perturbation of exchange interaction between the Mn +2 ion and the band electron, i.e., s−d and p−d interaction gives rise to negative and positive correction to the energy of conduction and valence band, respectively and causes a red−shift of the band gap with increasing x. For antiferromagnetic phase the effect of ex− change interaction changes so as to produce a blue shift [35] . Matsui et al. [30] have showed (VB) PES−spectra of ZnO and Zn 1-x Co x O reflecting the effect of Co (3d) states, which re− mains unchanged with increasing x and the band gap in Zn 1-x Co x O has been explained in terms of sp hybridization between ZnO and CoO. Furdyna [36] stressed the close rela− tionship of s and p electron bands in A II 1-x Mn x B VI material to the band structure of nonmagnetic A II B VI materials. Incorpo− ration of Mn into ZnO also increases the band gap [37] .
Qin Guoqiang et al. [38] have reported that the band gap of wurtzite ZnO changes under triaxial strains, a new type of strain where band gap increases [39] along with a and c lat− tice constants, although ZnO still remains a direct band gap semiconductor. Comparing with the unstrained ZnO, the E g increases under compressive strain but decreases under ten− sile strain. The strain dependence of E g may lie in the changes in the interaction between electrons. However, in our case where triaxial strain do not appear to exist, E g increases with an increase in a compressive strain (up to 2 at % doping) and it continues to increase even for tensile strain (3 at. % doping). [9] In the light of the above discussion, it can be inferred that sp hybridization is responsible for the increase in the band gap of Fe doped ZnO with increase in dopant concen− tration in the present paper.
Enhancement in UV emission and band gap by Fe doping in ZnO thin
Photoluminescence spectra
PL emission spectra of all the films are recorded with an excitation wavelength of 325 nm and are shown in Fig. 6 . Emission spectra of the sample Z, i.e., undoped ZnO film shows UV emission peak at 398 nm (3.111 eV) followed by defect related peaks in lower energy region; a broad one centred about 460 (2.695 eV) and a sharp one at 485 nm (2.556 eV). Emission peak at 398 nm which is a near band edge (NBE) emission has intensity higher than the other two peaks occurring in the visible region.
The PL emission intensities are seen to depend upon the amount of Fe doping. In general with an increase in dopant concentration UV emission intensity increases nearly 2.4 fold, emission near 460 nm gets suppressed and emission at 485 nm increases only slightly. The intensity ratio I U /I V for UV emission to defect emission (485 nm) is presented in the inset of Fig. 6 . It is highest for 2 at. % Fe doped ZnO thin film. Density of excitons in ZnO is the major factor [40, 41] affecting the intensity of ultraviolet emission at room tem− perature. Increase of iron dopant increases the number of free excitons but excess doping (beyond 1at. %) quenches the PL emission partially as due to larger concentration of dopant ions they interfere with the activity sphere of neigh− bouring dopant ion. Simultaneously it is seen that the defect emission at 485 nm for ZF2 sample decreases, due to improved crystalline quality of this sample as seen by the orientation parameter along (002) plane, thereby resulting in highest value of I I U V for this sample i.e. 2 at.% doping. Besides intensity, an increase in UV−emission energy is also seen with an increase in dopant concentration. The NBE emission shows successive blue shift occurring at 3.111, 3.179, 3.183 and 3.187eV for 0, 1, 2 and 3 at.% Fe doping in ZnO thereby facilitating a tuning over 76 meV. Nature of change in band gap energy and the NBE emission energy with dopant concentration conform to each other as seen in Fig. 7 . Similar trend has been reported by Xu et al. [20] . NBE emission occurs at energies (3.111 to 3.187 eV) lower than the band gap (3.14 to 3.29eV) determined by Tauc's plot, for the corresponding samples. Similar obser− vations have been reported by earlier workers [42, 10] also since the excitionic level is lower than the conduction band.
Peaks in visible region occur because of defect states created during deposition of films. No shift in this emission indicates that they are consistent in all film samples. PL emission at 485 nm (2.556 eV) has been reported earlier also [5, 43] . This blue emission at 485 nm may be due to the electronic transition probability from the donor level of zinc interstitial (Zn i ) to the acceptor level of zinc vacancy (V Zn ) [43, 44] as the coexistence of these two defects has high probability [45] . V Zn is also likely to be formed in the vicin− ity of Fe 3+ ions to maintain the charge neutrality. Kukreja et al. [46] has reported that according to Ahn et al. [47] and Janotti et al. [48] emission in the~2.4 to 2.9 eV region is due to transitions corresponding to the deeper intra−band levels of oxygen interstitials (O i ) and/or zinc vacancies (V Zn -). Theoretical calculations by Janotti and Van de Walle [48] and experiments by Reynolds et al. [49, 50] Kohan et al. [51] and Sekiguchi et al. [52] showed that the transitions from conduction band or a shallow donor level to singly ionized Zn vacancy (V Zn -) are possible and these transitions have energies close to ~2.5 eV.
Surface morphology and EDX
The surface morphology of sol gel spin coated Zn 1-x Fe x O thin films has been studied using Field Emission Scanning Electron Microscopy (FESEM) and is shown in Fig. 8 . The sample Z, i.e., undoped ZnO of molarity 0.1 M has rod−like structures spread throughout with a granular surface in the background. As the dopant Fe is introduced in 1 at. % in ZnO these rods start coalescing resulting in broader rods with continuous flakes in the background. For 2 at. % Fe doped sample rods disappear and the flake−like structures grow huge which, with further doping, take shape of oyster shell poised to roll up. Doping of Fe has influenced the sur− face structure of ZnO based films. Surface morphology of undoped ZnO sample consists of well−defined structures, i.e., rods over a granular background. With gradual intro− duction and enhancement of Fe dopant, which is coexisting in both the ionic states, the host lattice is distorted inhibiting formation of well−defined structures thereby leading to their ultimate disappearance and formation of huge flakes.
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Conclusions
Enhancement in band gap and blue shift in UV (NBE) emis− sion is obtained in the spin coated transparent Zn 1-x Fe x O films and nature of their change with dopant concentration conforms to each other. All the films are polycrystalline having hexagonal wurtzite structure with no impurity phase. EDX confirms the presence of iron in the doped films. The optical band gap can be tuned from 3.14 to 3.29 eV, an enhancement of 4.77%, by increasing the Fe concentration from x = 0 to x = 0.03. The near−band−edge PL emission shows blue shift of 76 meV as dopant concentration is increased to 3 at. %. Intensity of the NBE emission is much higher for the doped samples with its ratio to defect emis− sion intensity highest for 2 at. % doping. Rod−like structures spread throughout over a granular surface in the background start coalescing resulting in broader rods and disappearance ultimately as the dopant concentration increases succes− sively. Grains in the background turn into continuous fla− kes, growing huge and taking shape of oyster shell ready to roll up.
